Antimicrobial peptides (AMPs) induce cytotoxicity by altering membrane permeability. The electrical properties of membrane-associated AMPs as well as their cellular effects have been extensively documented; however their three-dimensional structure is poorly understood. Gaining insight into channel structures is important to the understanding of the protegrin-1 (PG-1) and other AMP cytolytic mechanisms, and to antibiotics design. We studied the b-sheet channels morphology using molecular dynamics simulations. We modeled PG-1 channels as intrinsic barrel-stave and toroidal membrane pores, and simulated them in zwitterionic and anionic lipid bilayers. PG-1 channels consist of eight b-hairpins in a consecutive NCCN (N and C represent the b-hairpin's N-and C-termini) packing organization yielding antiparallel and parallel b-sheet channels. Both channels preserve the toroidal, but not the barrel-stave pores. The two lipid leaflets of the bilayer bend toward each other at the channels' edges, producing a semitoroidal pore with the outward-pointing hydrophobic residues preventing the polar lipid headgroups from moving to the bilayer center. In all simulated lipid environments, PG-1 channels divide into four or five b-sheet subunits consisting of single or dimeric b-hairpins. The channel morphology with subunit organization is consistent with the four to five subunits observed by NMR in the POPE/POPG bilayer. Remarkably, a b-sheet subunit channel motif is in agreement with Alzheimer ion channels modeled using the universal U-shape b-strand-turn-b-strand structure, as well as with high resolution atomic force microscopy images of b-amyloid channels with four to six subunits. Consistent with the toxic b-amyloid channels that are ion-conducting, the PG-1 channels permeate anions.
INTRODUCTION
Antimicrobial peptides (AMPs) are generally abundant in charges that allow their straightforward diffusion into membranes of invading microorganisms (1, 2) . Their cytotoxic activities mainly involve disrupting membranes, leading to the death of target cells (3) . The mechanism, however, is still not understood fully. Recent observations suggested that peptides translocated into the interior of target cells could interfere with cellular metabolism (4) . However, it is generally believed that the AMPs induce unregulated ion leakage through formation of channels embedded in membrane pores, mediating cellular permeability (3, (5) (6) (7) . Several models were proposed to explain the cell membrane rupturing events (7) .
Protegrin-1 (PG-1, ;2 kDa) is a small b-hairpin peptide consisting of 18 amino acids with a high content of cysteine (Cys) and positively charged arginine (Arg) residues (8) . The peptide displays an antimicrobial activity (9) , and thus is a very potent antibiotic peptide (10) . PG-1 forms ion channels in cellular membranes (5, 11) . Single channel conductance of protegrin channels were reported recently (5); PG-1 and PG-3 (R4G) induce weak anion-selective channels and K 1 leakage from liposomes. PG-3 also induces moderate cationic selectivity in the presence of bacterial lipopolysaccharide in planar phospholipids bilayers. Neutron diffraction of crystallized peptide-membrane on quartz plates (6) indicates that both PG-1 and magainin 2 make stable membrane pores in fully hydrated fluid membranes.
Solid-state NMR spectroscopy using 19 F and 1 H spin diffusion (11, 12) suggests that PG-1 peptides form a b-barrel in an anionic membrane, whereas they aggregate into b-sheets on the surface of a membrane with cholesterol. In the anionic membrane, the b-barrel induces a toroidal membrane pore in which lipids surrounding the b-barrel have significant disorder and acyl chain reorientations. The pore diameter of the b-barrel, estimated from size-dependent membrane crossing by polyethylene glycol (PEG), is 2.1 nm. Based on both intermolecular distances and pore diameter, the b-barrel has the outer diameter of ;4.2 nm. The oligomeric structure of PG-1 suggests that the b-barrel is an assembly of four to five b-sheets, where each sheet consists of two b-hairpins in the NCCN organization (where N and C represent N-and C-termini, blue and red, respectively in Fig. 1 a) . Dimer formation is important for further oligomerization in the membrane: as the primary unit for assembly into ordered aggregates, the dimer could insert into the interior of the bilayer, clustering to form a multimer, including a channel. The recent model for PG-1 dimerization suggested that at low peptide concentration the dimer is bound to the lipid bilayer in such an NCCN organization, whereas at high concentration, the dimers begin to aggregate to form ordered oligomers (13) . Two-dimensional solid-state NMR (14, 15) of PG-1 aggregates show that a parallel b-sheet in the NCCN packing mode is the sole repeat motif in the ordered aggregates in the lipid bilayer.
Membrane disruption by cytolytic peptides is implicated by the interaction of the peptide with lipid headgroups (16) (17) (18) (19) . The charged side chains of the peptide play a central role in the mechanism of peptide insertion and membrane disruption (12, 16) . In an earlier study of the PG-1 monomer on the lipid bilayers (20) , we have reported that the b-hairpin induced the thinning effect in the anionic bilayer containing palmitoyl-oleyl-phosphatidylcholine (POPC) and palmitoyl-oleyl-phosphatidylglycerol (POPG) with a mole ratio of 4:1, whereas no thinning effect was observed for the zwitterionic bilayer composed of POPC. Further investigations of the dimers on the surface of POPC bilayer (21) have shown that they organize into a b-sheet motif with antiparallel (turn-next-to-tail association) and parallel (turnnext-to-turn association) arrangements in the NCCN packing mode. Although the antiparallel b-sheets have a more stable dimeric interface, the parallel b-sheets are more active in membrane disruption. This observation indicates that the parallel PG-1 dimer is biologically more relevant for the penetration into the membrane (11, (13) (14) (15) . The strong interactions of the monomeric or dimeric PG-1 with the polar lipid headgroups suggest that the cationic peptide adapts well to the amphipathic characteristics (22) (23) (24) . However, the monomer and dimer simulations only provided the results for the peptides in the S (surface-bound) state, one of two distinct states for cytolytic peptides in lipid bilayers (19, 25) . Although the peptides in the S state give rise to membrane thinning effects, membrane-disrupting effects by forming ion channels with selective transport across the membrane are directly mediated by packing of the peptides in the I (membrane-inserted) state.
PG-1 cytotoxicity is believed to be due to the formation of ion channel in the membrane, leading to ion leakage (3, 5, 11) . The mechanism underlying PG-1 induced cellular toxicity is similar to the cytotoxic activity of b-amyloid (Ab). Unlike the cytotoxic peptides used in host defense, Ab is an autocytotoxic peptide (3) . Recent atomic force microscopy (AFM) experiments (26, 27) reported that Ab oligomers form heterogeneous ion channels in the cell membrane, destabilizing cellular ionic homeostasis and ultimately leading to cell death (28) (29) (30) (31) . At higher resolution, AFM images showed that the channels are assemblies of several subunits. Subsequent computational modeling of the Ab channels provided a consistent picture of the subunit organization and channel dimensions (32, 33) . The atomistic models of the Ab channels suggested dominant b-sheet motifs of the channel morphology in the membrane. In contrast to the naturally occurring functional ion-gated channels that mostly consist of interacting a-helices, currently known b-sheet channels are nonphysiological and their formations in the membrane are closely related to the cellular pathophysiology (26) (27) (28) (29) (30) (31) (32) (33) (34) (35) (36) .
In the membrane, PG-1, a b-hairpin peptide, forms a b-sheet channel indicating that the PG-1 b-sheet channel could share a common morphological motif with other b-sheet channels. However, channel-forming cytolytic b-sheet peptides have been less intensively studied due to the complexity of the b-sheet motifs when involved in membrane toxic activities (37, 38) , whereas there are abundant studies for the amphipathic a-helical peptides (17, 18, 39, 40) . Obtaining atomic-level structures of b-sheet channels em bedded in the membrane is crucial, because providing atomistic channel conformations can accelerate drug development. Although PG-1 is a promising new pharmaceutical agent against harmful microbes, the atomistic structure of the PG-1 channel in the membrane pore remains poorly understood. Computer simulations of the detailed atomic models can offer threedimensional structures for the membrane-inserted state of PG-1 channels at the atomic-level and provide information complementary to experimental approaches. In this study, we carried out extensive molecular dynamics (MD) simulations of the PG-1 b-sheet channels with different b-sheet arrangements in different lipid bilayer environments. 
MATERIALS AND METHODS
We simulated PG-1 channels in different lipid environments. The channels consist of eight identical b-hairpins of PG-1, initially arranged to form a perfect annular shape of a single layer b-sheet. We used the monomer conformation of the b-hairpin from the NMR spectroscopy (8) . Because the NMR-based b-hairpin structure was obtained in water environment, we carried out several preliminary simulations of the b-hairpin monomer and b-sheet dimer in POPC bilayer for 20 ns. From these preliminary trajectories, we obtained b-hairpin structures that were fully prerelaxed in the lipid environment. The b-hairpin has two b-strands and six intramolecular backbone hydrogen bonds (H-bonds). The b-hairpin was translated into a circular rim and then rotated eight times with respect to the pore axis, which is parallel to the molecular axis of the b-hairpin. The octameric PG-1 channel was initially constructed as an annular shape. Depending on the b-hairpin arrangement, the PG-1 channel has two potential b-sheet motifs; antiparallel (turn-next-to-tail) and parallel (turn-next-to-turn) b-sheets in a multimeric NCCN packing mode ( Fig. 1 a) (14) . The channel is minimized with a rigid body motion for the peptides to enhance the formation of intermolecular backbone H-bonds between the b-strands. The minimized channel is next embedded in the lipid bilayer. Two different bilayer topologies, intrinsic barrel-stave and toroidal membrane pores ( Fig. 1 b) were initially prepared for the b-sheet channels. For the two topological bilayer settings, pure lipid bilayer composed of POPC and mixed lipid bilayer composed of POPC/POPG (mole ratio 4:1) ( Fig. 1 c) were constructed. Thus, considering the bilayer topology and composition, each b-sheet channel has four different lipid environments, yielding four independent simulations for antiparallel (A ba-pc , A to-pc , A ba-pg , and A to-pg channels; where A represents antiparallel, ''ba'' denotes barrel-stave, and ''to'' denotes toroidal. ''pc'' and ''pg'' represent the zwitterionic and anionic bilayers, respectively) and parallel (P ba-pc , P to-pc , P ba-pg , and P to-pg channels; where P represents parallel) b-sheet channels.
A unit cell containing a channel, lipids, salts, and waters with almost 90,000 to 135,000 atoms, depending on the bilayer setting, is constructed. Because our simulation method closely follows the previous method for the PG-1 monomer (20) , dimer (21) , Ab channel (32, 33) simulations with the zwitterionic lipid bilayers, and the fusion domain of influenza hemagglutinin (HA) simulations with the anionic lipid bilayer (41) , in this study we only briefly describe key parameters used for the PG-1 channel simulations. For the lipid bilayer, 240 lipids (120 lipids on each side) constitute the lateral cell. However, in the toroidal membrane pore, additional 150 lipids were used as the pore lining lipids. TIP3P waters were added and relaxed through a series of minimization and dynamics. The system contains NaCl at a concentration of 100 mM to satisfy a physiological salt concentration. The CHARMM program (42) was used to construct the set of starting points and to relax the systems to a production-ready stage. Fig. 2 shows the starting points for antiparallel ( Fig. 2 a) and parallel ( Fig. 2 b) b-sheet channels that enclose the initial structures of the water pores in a surface representation created by the HOLE program (43) . Simulations for the initial construction and the preequilibration were carried out on the NPAT (constant number of atoms, pressure, surface area, and temperature) ensemble. For production runs to 30 ns, the NAMD code (44) on a Biowulf cluster at the NIH was used for the starting point. In the production simulations, the dynamics were carried out on both the NPAT and NPgT (constant number of atoms, pressure, surface tension, and temperature) ensembles with g ¼ 0. However, no significant differences were found for the use of different ensembles. For each system, at least two independent simulations were carried out to check the consistency in key findings. Averages were taken after 10 ns discarding initial transient.
RESULTS

Dimensions of PG-1 channels composed of b-sheet subunits in the lipid bilayers
The conformations of environmentally relaxed PG-1 channels in a fully hydrated lipid bilayer can be obtained after 30 ns simulations with all-atom representations (Supplementary Material, Fig. S1 ). Fig. 3 shows the averaged channel structures of PG-1 in a cartoon representation for antiparallel ( Fig. 3 a) and parallel ( Fig. 3 b) b-sheet channels. Channels are in the lateral view from the bilayer, and the averaged structures of the water pores in a surface representation (created by the HOLE program (43)), are embedded in the channels. Initially, the PG-1 channels have a perfect annular morphology of single layered b-sheet ( Fig. 2 ), but the annular shape disappears in the relaxed channel structures (Fig. S1 ). The PG-1 channels slightly increase the outer dimension. In the starting conformations, the antiparallel and parallel b-sheet channels of PG-1 have the outer diameters of ;3.20 and ;3.32 nm, respectively. After the simulations, the outer diameters increase to ;3.47, ;3.63, ;3.53, and ;3.62 nm for the A ba-pc , A to-pc , A ba-pg , and A to-pg channels ( Fig. 4 a) , and to ;3.50, ;3.66, ;3.50, and ;3.66 nm for the P ba-pc , P to-pc , P ba-pg , and P to-pg channels ( Fig. 4 b) , respectively. The PG-1 channels in the toroidal membrane pore have slightly larger outer diameter than those with the intrinsic barrel-stave setting. In contrast to the outer dimensions, the PG-1 channels slightly decrease the diameter of the water pore or stay close to the starting values of ;1.07 and ;1.02 nm for the antiparallel and parallel b-sheet channels, respectively. After the simulations, the pore diameters change to ;0.81, ;0.89, ;1.06, and ;0.94 nm for the A ba-pc , A to-pc , A ba-pg , and A to-pg channels ( Fig. 4 a) , and to ;0.88, ;0.92, ;0.98, and ;1.05 nm for the P ba-pc , P to-pc , P ba-pg , and P to-pg channels ( Fig. 4 b) , respectively. PG-1 channels in the anionic lipid bilayer have slightly larger water pores than those in the zwitterionic lipid bilayer. It can be seen from the figures that the pores become jagged tubes in the relaxed channel conformations, whereas they were straight cylindrical tubes in the initial channels ( Fig. 2) . Especially, the pores have narrow necks at both channel ends due to large fluctuations of the long Arg side chains at both termini and the loop of each b-hairpin; some side chains stretch into the interior of the water pore and may block the channel entrances. The inhomogeneous shapes of the water pores suggest that the subunits are mobile in the channels within the lipid environments.
The relaxed PG-1 channels exhibit heterogeneous channel shapes (Fig. S1 ). The perfect annular conformation disappears and the channels break into several localized b-sheets during the simulations. Fig. 5 shows the averaged fraction of backbone hydrogen bonds (H-bond), AEQ HÀbond ae; for the antiparallel ( Fig. 5 a) and parallel ( Fig. 5 b) b-sheet channels. We calculated the fraction using AEQ HÀbond ae ¼ AEN HÀbond ae=N max HÀbond ; where AE ae denotes the time average, N HÀbond is the number of the intramolecular or intermolecular backbone H-bonds between the b-strands that are monitored during the simulations, and N max HÀbond is the maximum possible number of the backbone H-bonds as described in the topological diagram of Fig. 1 . Our results indicate that the monomeric N-C interfaces in each b-hairpin are stable, because the b-hairpin conformation is preserved through the formation of the intramolecular backbone H-bonds. However, the stability of the dimeric N-N and C-C interfaces between neighboring b-hairpins depend on the channel topology. In the aniparallel b-sheet channels, the C-C interfaces connect two PG-1 monomers through the formation of the intermolecular backbone H-bonds, whereas the N-N interfaces break the b-sheet network ( Fig. 5 a) . The four-leaf clover shapes in Q H-bond indicate clearly that the channels divide into four dimeric b-sheet subunits with NCCN packing, and suggest that the aniparallel b-sheet channel is an (NCCN) k multimer, where k ¼ 4. In contrast, in the parallel b-sheet channels, most N-N interfaces connect two b-hairpin monomers forming a b-sheet, whereas the C-C interfaces break the b-sheet network ( Fig. 5 b) . The channels divide into four to five subunits containing the b-hairpin monomers and the b-sheet dimers in (mostly) CNNC packing. The observation that parallel b-sheet channels favor the formation of CNNC dimer is inconsistent with the experimental result for the b-barrel with NCCN dimers (11) . However, morphologically the PG-1 channels are composed of several subunits, similar to the b-barrel containing four to five parallel b-sheet subunits and to the Ab 17-42 channels consisting of three to six ordered subunits (32, 33) . From these observations we can conclude that in the membrane, b-sheet channels commonly break into subunits, i.e., membranes do not support intact b-sheet channels. This can also offer an explanation why functional ion-gated channels mainly consist of interacting a-helices rather than hydrogen-bonded b-strands.
Interactions of PG-1 channels with the lipid bilayers
Our simulations used various lipid environments for the PG-1 channels, which include different bilayer topologies (intrinsic barrel-stave versus toroidal membrane pores) and lipid compositions (zwitterionic versus anionic lipid bilayers). The various lipid settings in the simulations can help in pointing to a favorable environment for the PG-1 channels. To understand how the peptide-lipid interactions support the channel conformation in such complex lipid environments, we calculated the interaction energy of the PG-1 channels with the lipids. Fig. 6 a shows the averaged interaction energy of each PG-1 monomer in the channels with the lipids. The bar graphs with different heights clearly indicate that the peptide-lipid interactions are inhomogeneous; i.e., each PG-1 monomer interacts with lipids with different interaction energies. We speculate that the inhomogeneous interactions cause the shapes of the heterogeneous PG-1 channels. The total interaction energy of the PG-1 channel with the lipids can be calculated by the addition of the monomers interaction energies (Fig. 6 b) . The total interaction energies of the antiparallel b-sheet channels with the lipids are À443.7 6 77.3, À288.5 6 93.7, À643.4 6 52.9, and À489.6 6 71.3 kcal/ mol for the A ba-pc , A to-pc , A ba-pg , and A to-pg channels, respectively. The total interaction energies of the parallel b-sheet channels with the lipids are À469.7 6 93.4, À262.4 6 90.4, À566.3 6 55.5, and À445.9 6 66.4 kcal/mol for the P ba-pc , P to-pc , P ba-pg , and P to-pg channels, respectively. As FIGURE 2 Starting points of the channels in a cartoon representation for the (a) antiparallel and (b) parallel b-sheet channels of PG-1. In the peptides, hydrophobic residues are shown in white, one polar (Tyr 7 ) and three Gly (Gly 2 , Gly 3 , and Gly 17 ) residues are shown in green, and six positively charged Arg residues (Arg 1 , Arg 4 , Arg 9 , Arg 10 , Arg 11 , and Arg 18 ) are shown in blue. In each channel, the initial water pore structure calculated by the HOLE program (43) is embedded. For the pore structures in the surface representation, red denotes pore diameter of d , 0.8 nm, green denotes pore diameter in the range, 0.8 nm # d # 1.2 nm, and blue denotes pore diameter of d . 1.2 nm. expected, with the same bilayer topology, the PG-1 channels interact more strongly with lipids in the anionic lipid bilayer than those in the zwitterionic lipid bilayer. However, with the same lipid composition, the PG-1 channels interact more strongly with lipids in the semitoroidal membrane pore (the final membrane structure from the intrinsic barrel-stave pore setting; see below) than those in the toroidal membrane pore.
Membrane pores induced by the PG-1 channels
PG-1 causes membrane permeation by forming an ion channel spanning a locally deformed membrane. There are three different membrane pore models for the AMP-induced membrane permeation: i), barrel-stave, ii), toroidal, and iii), carpet models (7) . For a cylindrical bundle of peptides, the barrel-stave and toroidal models are biologically relevant to the channel-induced membrane pore. On the other hand, the carpet model is unsuitable for the channel-forming peptides, because peptides do not form a bundle but aggregate on the bilayer surface, covering the area around the dented membrane hole. Thus, our simulations used the barrel-stave and toroidal models of the membrane pore for the PG-1 channels. Fig. 7 a shows snapshots of the channel-bilayer systems at the end of the simulations of the channels in the anionic lipid bilayer. The channels satisfy the toroidal membrane pore, because the intrinsic pore is well preserved during the simulations. The three-dimensional density maps of the lipid headgroups ( Fig. 7 b) clearly show that the two lipid leaflets bend toward each other and connect to form a continuous curvature. However, the channels do not satisfy the barrelstave membrane pore, because the initially flattened and paralleled bilayer surfaces are not preserved (see Fig. 1 b) . The inherent property of the barrel-stave membrane pore rapidly disappears during the initial transient ,2 ns. Instead, the lipids lining the membrane pore have significant chain reorientations, producing local thinning of the bilayer near the channels. The height of the membrane-spanning channel is shorter than the bilayer thickness, allowing the lipids at both ends of the channel to pack in this curved way. The bending of the two lipid leaflets toward each other is similar to the formation of a toroidal membrane pore; however, unlike the toroidal pore, the two lipid leaflets are not in contact with each other. The hydrophobic residues located in the middle of the channels prevent the polar lipid headgroups from moving further into the bilayer center. Thus, we describe the membrane pores induced by the PG-1 channels as semitoroidal. The conformations of the channels are well preserved in the semitoroidal membrane pore.
Anionic conducting water pores of the PG-1 channels
The PG-1 channels preserve a water pore, and the size of the pore is wide enough for conducting water and ions. For each simulation the system contains Na 1 and Cl À at a concentration of 100 mM. The PG-1 channels attract anions at the channel entrances with the positively charged Arg side chains, whereas the side chains avoid interacting with cations. Fig. 8 shows the potential of mean force (PMF) representing the relative free energy profile for water and ions FIGURE 3 Channel structures averaged over the simulation in a ribbon representation for the (a) antiparallel and (b) parallel b-sheet channels of PG-1 are shown in the lateral view from the lipid bilayer. Peptides are colored according to the subunit organization in the channels. In each channel, the averaged water pore structure calculated by the HOLE program (43) is embedded. For the pore structures in the surface representation, red denotes pore diameter of d , 0.8 nm, green denotes pore diameter in the range, 0.8 nm # d # 1.2 nm, and blue denotes pore diameter of d . 1.2 nm. across the bilayer. The PMF is calculated by using the equation ofDG PMF ¼ Àk B Tlnðr z =r bulk Þ: Here, k B is the Boltzmann constant, T is the simulation temperature, r z is the ion density at the position z along the pore axis, and r bulk is the ion density in the bulk region. An accurate equilibrium PMF relevant to ion permeation should be obtained from free energy calculations with the umbrella sampling method (45) . Nevertheless, given the simulation trajectory without additional multiple equilibrium runs for the sampling, the ion-density-based PMF calculation is useful to estimate rough relative free energy changes for solvents, providing a general outline for solvent permeation through the pore (46, 47) . Thus, the absolute values in the free energy changes between the antiparallel and parallel b-sheet channels need to be compared carefully, because each system in the simulations has different numbers of salt, lipid, and water molecules. In addition, the lipid systems contain different bilayer compositions and topologies, indicating that the free energy differences for each system are relative to each other. As expected, the channels prevent Na 1 crossing through the water pore with large free energy barrier. The cation interacts only with the phosphate headgroups at the lipid/water interface. In the toroidal membrane pore, the PG-1 channels yield free energy minima for Na 1 at both edges of the channels, because the cation can slip into the bilayer through the lipid/water interface formed by the two merged lipid leaflets. However, this Na 1 penetration occurs outside the channel, because the cation does not cross the water pore. In contrast to the cation, the PG-1 channels conduct anion and water through the water pore, because the PMF curves show low free energy profiles across the pore for Cl À and water. The PMF curves for water provide similar profiles for all channels, whereas the PMF curves for Cl À are different depending on the channel topology. For the antiparallel b-sheet channels, the PMF curves for Cl À show a small free energy barrier in the middle of the pore, whereas the barrier is relatively flat in the water pores of the parallel b-sheet channels. The flat barrier for the parallel b-sheet channels is due to four Arg 4 side chains from every second monomer in the channel, because the side chains point into the interior of the water pore, luring more anions into the pore. We speculate that, without the free energy barrier, the water pores of the parallel b-sheet channels are more conductive for anions.
DISCUSSION AND CONCLUSIONS
We simulated the octameric PG-1 channels with different b-sheet arrangements in different lipid environments. To create two different b-sheet channel topologies, eight PG-1 b-hairpins were initially assembled into an annular b-sheet ( Fig. 2) with both antiparallel (turn-next-to-tail) and parallel (turn-next-to-turn) b-sheet motifs in an NCCN (Fig. 1 ) packing mode (14) . The annular b-sheet channels of PG-1 were next embedded in the lipid bilayers in both intrinsic barrel-stave and toroidal membrane pores (7) . For each of the membrane pore types, both zwitterionic lipid bilayer composed of POPC and anionic lipid bilayer composed of POPC/ POPG (mole ratio 4:1) were constructed. Thus, for each antiparallel and parallel b-sheet channel, four independent simulations were carried out with different lipid environments. In our simulations, both the antiparallel and parallel b-sheet channels slightly increase the outer diameter from their starting values. In particular, the outer sizes of the channels in the toroidal membrane pore are slightly larger than those in the barrel-stave membrane pore. In the torus shape of the toroidal pore, the channels are directly in contact with the hydrophilic lipid headgroups, allowing the long Arg side chains at both ends of the cylindrical channels an easy stretch into the amphipathic interface. The outward movement of the Arg side chains causes a slight increase in the overall channel size. In contrast to the outer dimension, the PG-1 channels slightly decrease (or do not alter) the inner pore diameter during the simulations. For the same bilayer topology, the channels have slightly larger water pores in the presence of anionic lipids, indicating that the pore is more accessible to solvent. On the other hand, the shape of the water pore evolves significantly from a straight cylindrical tube in the initial channels (Fig. 2) to a jagged tube in the relaxed channels (Fig. 3) . The inhomogeneous shapes of the water pores suggest that the channel is not a rigid body as a whole, and that each subunit in the channel has an independent motion in the lipid bilayer. In general, the channels have similar shapes and dimensions in both zwitterionic and anionic lipid bilayers. We suggest that the effects of anionic lipids are less important once the channel has formed, but anionic lipids significantly contribute to the PG-1 insertion into the lipid bilayer. Without anionic lipids, PG-1 aggregates into b-sheets on the bilayer surface, whereas PG-1 induces significant bilayer thinning with anionic lipids, producing bilayer defects (20) . The peptides easily insert into the bilayer from the defects and form an oligomeric structure (11) .
The averaged outer diameters ;3.56 and ;3.58 nm for the antiparallel and parallel b-sheet channels, respectively, are slightly less than the ;4.2 nm obtained from solid-state NMR spectroscopy for the PG-1 b-barrel in POPE/POPG membrane (11) . The inconsistency in the outer size could result from the different number of peptides: the PG-1 b-barrel contains eight to 10 peptides, which is larger than (or at least equal to) the simulated PG-1 channels involving only eight peptides. The different sizes of the PG-1 oligomers may also lead to the discrepancy in the size of the water pore. In the simulations, the average diameters of the water pores are ;0.93 and ;0.96 nm for the antiparallel and parallel b-sheet channels, respectively, whereas experiment estimates the PG-1 b-barrel diameter to be ;2.1 nm (11). The experimental estimation of the pore diameter derives from observed size-dependent blockage of PG-1 pores by PEG across the membrane: PEG molecules with hydrodynamic radii up to 0.94 nm crossed the membrane; on the other hand, those with 1.05 nm were blocked by the PG-1 water pore. This indirect estimation of the pore size is based on the assumption that the PG-1 b-barrel is a rigid body. The simulations directly measure the pore size from the atomic-level channel structures.
The subunit morphology observed here for the b-sheet channels of PG-1 is shared by other b-sheet channels ( Fig.  9 a) . Recent simulations of the Alzheimer amyloid Ab channels have shown that these channels also abandon the perfect annular morphology. Instead, the annular Alzheimer channels divide into three to six localized b-sheet subunits ( Fig. 9 b) (32, 33) . The Ab channel dimensions, shape, and subunit organization were in good agreement with highresolution AFM images of other amyloid channels ( Fig. 9 c) (26, 27) , validating it as a viable candidate channel model. Consistent with the Ab channels, in all simulated membrane environments, the PG-1 channels do not retain the perfect annular channel shape, breaking into subunit organization with several localized b-sheets ( Fig. 9 a) . The antiparallel b-sheet channels divide into four localized b-sheet subunits. Each b-sheet subunit is an NCCN dimer favoring the C-C dimer interface. As observed in the previous PG-1 dimer simulations, the NCCN dimer is held tightly by at least two intermolecular backbone H-bonds between two cysteine FIGURE 7 (a) Snapshots of the channel-bilayer systems at the end of simulations for the PG-1 channels in the anionic lipid bilayer. The first and third snapshots (from left) correspond to the bilayer with the intrinsic barrel-stave membrane pore, and second and fourth snapshots represent the bilayer with the intrinsic toroidal membrane pore for each b-sheet channel. In the surface representations of the channel structures, hydrophobic residues are shown in white, polar and Gly residues are shown in green, and positively charged residues are shown in blue. Phosphates in the lipid headgroups are shown as yellow beads and the lipid tails are shown as threads. Water molecules and ions are removed for clarity. (b) Three-dimensional density maps of the lipid headgroup for the anionic lipid bilayer. The intrinsic barrel-stave membrane pores (the first and third maps from left for the antiparallel and parallel b-sheet channels, respectively) become the semitoroidal membrane pores, whereas the intrinsic toroidal membrane pores (the second and fourth maps from the left for the antiparallel and parallel b-sheet channels, respectively) are well-preserved during the simulations. The density maps represent the angle view of the time averaged bilayer structure. The PG-1 channels in a ribbon representation in blue are embedded in the density maps.
residues at the C-terminal strands from each monomer (21) . The cysteine is relatively rigid due to the disulfide bond. The N-N dimer interface in the antiparallel b-sheet channels is broken due to the repulsive force between Arg residues in the loop (Arg 9 and Arg 10 ) from one monomer, and in the N-terminal strand (Arg 1 and Arg 4 ) from the other monomer, destabilizing intermolecular backbone H-bonds between the N-strands (Fig. 1 a) . However, in the C-C dimer interface, the repulsive force between Arg residues in the loop (Arg 10 and Arg 11 ) and in the C-terminal strand (Arg 18 ) is weak, because their location is relatively distant. Antiparallel NCCN packing was also found for a PG-1 dimer in DPC micelles by solution NMR (48) .
The PG-1 parallel b-sheet channels also divide into four to five b-sheet subunits. However, unlike the antiparallel b-sheet channels, the shapes of the subunits vary, with b-hairpin monomers, and b-sheet dimer or trimer. The parallel b-sheet channels favor the CNNC dimer formation, indicating that the N-N dimer interface is more stable than the C-C interface. During the simulations, we observed that the N-N interface has an additional intermolecular backbone H-bond between Gly 2 -Gly 2 , whereas the C-C dimer interface loses the H-bond between Arg 11 -Cys 13 due to their long distance. This suggests that with more intermolecular backbone H-bond interactions, the N-N interface is more stabilized. However, the simulation result for the parallel b-sheet channels favoring the CNNC dimer formation is inconsistent with the experimental PG-1 b-barrel with NCCN dimers (11, 12) . Experiment suggests that the N-N dimer interface is unstable due to the cationic interaction between Arg4 residues. In the N-N interface, there is no repulsive force between the Arg 4 side chains from neighboring monomers, because they are oriented opposite to each other: one Arg 4 side chain points to the interior water pore, whereas the other one points to lipids. In contrast to the antiparallel b-sheet of PG-1 dimer with the common NCCN packing mode, the intermolecular parallel FIGURE 8 PMF, DG PMF , representing the relative free energy profile for Na 1 , Cl À , and water as a function of the distance along the pore center axis for the antiparallel (left column) and parallel (right column) b-sheet channels of PG-1.
packing of a PG-1 b-hairpin may fluctuate depending on the surrounding environments, e.g., lipid composition, bilayer structure, and peptide location. Solid-state aggregates of PG-1 show the parallel NCCN packing mode (14) . NMR distance measurements indicate a parallel NCCN dimer of PG-1 in the zwitterionic POPC bilayer (15) and parallel b-barrel with NCCN packing in the toroidal pore in anionic POPE/POPG bilayer (11, 12) . At the amphipathic interface of POPC bilayer, the parallel NCCN dimers of PG-1 are more active, but have less stable C-C intermolecular interface as compared to the antiparallel NCCN dimers (21) . Our simulations show that parallel b-sheet channels favor the CNNC packing in the anionic POPC/POPG bilayer and in the toroidal pore membranes, whereas they have semistable NCCN packing in the POPC bilayer with barrel-stave setting. We speculate that the competition between the intermolecular interactions at the C-C and N-N interfaces could determine the peptide packing in the PG-1 channels in the different environments.
PG-1 b-barrel is reported to induce a toroidal membrane pore (11) . Our simulation results also show that PG-1 channels preserve a toroidal membrane pore. However, the intrinsic barrel-stave membrane pore does not support PG-1 channels, because the initially flattened two lipid leaflets bend toward each other, producing significant thinning of the bilayer near the channel edges. Although the lipid bending is similar to that observed in the toroidal membrane pore, the two lipid leaflets do not merge due to the hydrophobic residues in the middle of FIGURE 9 Side-by-side comparison between the PG-1 and Ab channels. All channels are viewed from the top leaflet of the lipid bilayer. (a) The simulated PG-1 channels show the antiparallel (A ba-pc , A to-pc , A ba-pg , and A to-pg channels from left) and parallel (P ba-pc , P to-pc , P ba-pg , and P to-pg channels from left) b-sheet channels. The PG-1 channels are depicted in a cartoon representation with a transparent surface. Each subunit in the channels is colored in a different color. The discontinuous b-sheet network determines the boundary between the subunits in the channels. Antiparallel b-sheet channels of PG-1 contain four subunits. Each subunit is a b-sheet dimer (peptides 1 and 2 (green), peptides 3 and 4 (blue), peptides 5 and 6 (red), and peptides 7 and 8 (yellow)). Parallel b-sheet channels contain four to five subunits. The shapes of the subunits vary, with b-hairpin monomers, and b-sheet dimer or trimer; there are four subunits in the P ba-pc channel (peptide 1 (green), peptides 2-4 (blue), peptide 5 (red), and peptides 6-8 (yellow)), five subunits in the P to-pc channel (peptides 1-8 (green), peptides 2 and 3 (blue), peptides 4 and 5 (red), peptide 6 (yellow), and peptide 7 (cyan)), four subunits in the P ba-pg channel (peptides 1-8 (green), peptides 2 and 3 (blue), peptides 4 and 5 (red), and peptides 6 and 7 (yellow)), and five subunits in the P to-pg channel (peptides 1-8 (green), peptides 2 and 3 (blue), peptide 4 (red), peptide 6 (yellow), and peptide 7 (magenta); here peptide 5 is disordered). the channel, preventing the polar headgroups from penetrating into the bilayer center, inducing a semitoroidal membrane pore. The conformation of the PG-1 channel is well supported by the semitoroidal membrane pore, and the channels interact more strongly with lipids in the semitoroidal pore as compared to the perfect toroidal membrane pore.
Our simulation results provide important information for the PG-1 channel activity against bacteria. Mechanistically, PG-1 presumably forms weak anion-selective channels in planar phospholipids bilayers, causing potassium leakage from liposomes (5) . In the simulations, the selective anion conductance can be observed in the channels, indicating that the channels provide low free energy profile for Cl À in the pore, whereas the channels prevent Na 1 from crossing the pore by a high free energy barrier. The unregulated anionic flow across the membrane might trigger cation leakage leading to disruption of cellular ionic homeostasis. The proposed mechanism is similar to the Alzheimer Ab (32, 33) and other amyloid channels (26, 27) where the b-sheet channels are nonphysiological, leaking ions through channel pores that are enclosed by several b-sheet subunits. The computational model of the PG-1 channel suggests that the antiparallel b-sheet channels provide the double wells profile in the free energy changes for anion crossing, whereas the parallel b-sheet channels exhibit the single well profile in the free energy changes suggesting higher anion activity. This is consistent with experimental observations that the parallel PG-1 dimer is biologically more active, inserting into POPC membrane (13) (14) (15) , and that parallel PG-1 b-barrel forms a water pore in the anionic POPE/POPG membrane (11) .
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